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Background: The study of plant populations is greatly
facilitated by the deployment of chloroplast DNA mark-
ers. Asymmetric inheritance, lower effective population
sizes and perceived lower mutation rates indicate that the
chloroplast genome may have different patterns of genetic
diversity compared to nuclear genomes. Convenient
assays that would allow intraspecific chloroplast variability
to be detected-are required.
Results: Eukaryote nuclear genomes contain ubiquitous
simple sequence repeat (microsatellite) loci that are
highly polymorphic in length; these polymorphisms can
be rapidly typed by the polymerase chain reaction
(PCR). Using primers flanking simple mononucleotide
repeat motifs in the chloroplast DNA of annual and
perennial soybean species, we demonstrate that micro-
satellites in the chloroplast genome also exhibit length
variation, and that this polymorphism is due to changes
in the repeat region. Furthermore, we have observed a
nonrandom geographic distribution of variations at these
loci, and have examined the number and location of
such repeats within the chloroplast genomes of other
species.
Conclusions: PCR-based analysis of mononucleotide
repeats may be used to detect both intraspecific and inter-
specific variability in the chloroplast genomes of seed
plants. The analysis of polymorphic microsatellites thus
provides an important experimental tool to examine a
range of issues in plant genetics.
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Introduction
The chloroplast is the most intensively analyzed plant
genome for research into molecular evolution and sys-
tematics [1]. As a result of its perceived conservative rate
of evolution, chloroplast DNA has been used primarily
to resolve biosystematic problems at the interspecific and
intergeneric levels [2]. In angiosperms, chloroplast DNA
mainly exhibits maternal inheritance and its gene flow
is therefore principally via seeds [3]. Hence, chloroplast
(and mitochondrial) genomes may exhibit different
patterns of genetic diversity compared to nuclear gen-
omes [4]. The development of convenient molecular
assays that take advantage of highly variable regions
within the, otherwise conservative, chloroplast genome
would enhance the utility of the chloroplast below the-
species level and enable the analysis of chloroplast DNA
to be used widely as a tool in plant population biology.
A characteristic feature of eukaryote genomes is the
occurrence of a high proportion of repetitive DNA
sequences [5,6], a particular class of which have been
termed simple sequence repeats (SSRs) or microsatellites
[7]. These sequences consist of tandemly repeated motifs
of 6 base pairs (bp) or less, and have aroused considerable
interest due to their ability, in conjunction with the
polymerase chain reaction (PCR), to generate highly
informative DNA markers. The detection and exploi-
tation of length polymorphism within microsatellite loci
has revolutionized both human and mammalian genome
research [8,9], and the utility of microsatellites in the
study of plant genetics has recently been demonstrated
[10-13]; these latter studies have focused exclusively on
biparentally transmitted nuclear allelic variability. We have
recently documented the occurrence of mononucleotide
repeats within the chloroplast genome of seed plants,
bryophytes and algae [14]. Here, we provide experi-
mental evidence that simple mononucleotide repeats in
the chloroplast genome of angiosperms exhibit length
variation, and that polymorphism within these regions
may be used to study both intraspecific and interspecific
variability. Our findings have general relevance to the
detection and analysis of chloroplast polymorphism in
plant biology and will be of considerable practical value
.in monitoring gene flow, population differentiation and
cytoplasmic diversity.
Results and discussion
Simple mononucleotide repeats in the chloroplast genome
exhibit length variation
Our research is centered on legume species of the
soybean genus Glycine; such species have been the subject
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Fig. 1. (a) Sequence of the soybean
chloroplast tRNAMet gene [20], GenBank
accession number X07377 (CHGMTRME-
). The (T)n(G)m microsatellite is indicated
by bold type and thick overline. Primers 1
and 2 are boxed, and primers 3 and 4 are
denoted by arrows. (b) Autoradiogram of
the products of soybean genomic DNA
amplified by PCR using primers 1 and 2,
which flank the (T)n(G)m repeat. Lane 1,
Glycine arenaria IL689; lane 2, G. canes-
cens IL666; lane 3, G. clandestina IL437;
lane 4, G. curvata IL793; lane 5, G. cyr-
toloba IL317; lane 6, G. latrobeana
IL677; lane 7, G. latifolia L378; lane 8, G.
microphylla IL449; lane 9, G. microphylla
IL849; lane 10, G. falcata IL674; lane 11,
G. tabacina IL370; lane 12, G. max cv.
Tanbaguro; lane 13, G. max cv. Bonus;
lane 14, G. soja P181.762; lane 15, G.
tomentella IL614; lane 16, G. argyrea
IL817. Lanes G, A, T, C are sequencing
ladders; sequencing was carried out using
pGEM-3Zf(+) vector DNA and the pUC/
M13 24-mer forward primer (5'-CGCCA-
GGGTTTTCCCAGTCACGAC-3'). Lengths
of the markers (in nucleotides) are shown
alongside the autoradiogram.
of considerable biosystematic study [15,16], and thus
provide an experimental framework for the assessment of
chloroplast microsatellites. An example of a compound
soybean chloroplast microsatellite, (T)n(G)m (at the
SOYCP locus), is shown in Figure 1. Primers flanking
the repeat motif were used to amplify soybean DNA
from the subgenera Soja and Glycine by PCR, examples
of the length polymorphism are shown in Figure lb.
Each allele is represented by several bands - a common
feature of microsatellite polymorphism, due to Taq poly-
merase slippage during the amplification process. It was,
however, possible to identify alleles unambiguously by
assigning allele sizes to the strongest amplification prod-
uct and including an appropriate size marker. A total
of 10 variants were identified, and the size of the.
amplification products varied from 94-103 bp.
In order to confirm that the length variations observed
were due to changes in the repeat region, we pursued
two approaches. Firstly, an alternative pair of primers
(primers 3 and 4; see Fig. la) were designed to anneal
outside the repeat region and were used to amplify the
soybean DNA samples by PCR. This generated a mono-
morphic 109 bp amplification product. Secondly, the
PCR products generated with primers 1 and 2 (Fig. la)
from a sample of the soybean accessions were sequenced.
The nucleotide sequences of the repeat motifs are shown
in Table 1. This result confirmed that the length varia-
tion observed in the PCR amplification products was
due to length changes in the repeat region. Furthermore,
the flanking 3' sequences were almost identical and the
size of each of the variant PCR products shown in Fig-
ure 1 corresponded to the size of the repeat, as deter-
mined by sequencing. Homologous, but length-variable,
chloroplast loci may therefore be amplified in a diverse
range of soybean germplasms.
To confirm the maternal transmission of the chloroplast
'microsatellites in soybeans, an interspecific cross (Glycine
soja x G. max) was examined. Variation was detected
between the two parents and the progeny were mono-
morphic for the G. soja allele, demonstrating that G. soja
was the female parent and confirming the maternal
transmission of the chloroplast organelle [17].
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Fig. 2. (a) Interspecific and intraspecific polymorphism revealed with various Glycine species analyzed with primers 1 and 2 (Fig. 1 a).
1, G. argyrea; 2, G. arenaria; 3, G. latrobeana; 4, G. falcata; 5, G. curvata; 6, G. albicans; 7, G. hirticaulis; 8, G. lactovirens; 9, G. clan-
destina; 10, G. canescens. Where more than one lane appears, various accessions were analyzed for that species. (b) Intraspecific poly-
morphism revealed with primers 1 and 2 (Fig. la) flanking the (T)n(G)m repeat. Lane 1, G. max cv. Bonus; lane 2, G. soja P1181.762;
lane 3, G. soja 407.302; lane 4, G. soja 407.305; lane 5, G. soja 407.303; lane 6, G. soja 339.871A; lane 7, G. soja 101.4048; lane
8, G. max cv. Charlee. S, size markers. The [33 P]-labelled amplification products were separated on a 6 % denaturing polyacrylamide
gel and visualized by autoradiography.
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either the A or the B genomes) and annual Glycine species
are shown in Figure 2a and b, respectively.
Extensive intraspecific chloroplast variability revealed by
chloroplast microsatellite DNA
It was possible to improve the resolution of the chloro-
plast assay by analyzing the joint distribution of length
variants at two or more linked polymorphic sites in the
chloroplast DNA. A second chloroplast microsatellite
repeat (at the RP19 locus) was identified in the gene
encoding the G. max ribosomal protein rpsl9 (acces-
sion number, X06429); primers flanking this (A)14 repeat
were used to amplify Glycine chloroplast DNA by PCR.
Considerable intraspecific variability was observed (Table
2), and the high diversity indices obtained demonstrate
that analysis of chloroplast microsatellites provides a high-
resolution assay for detecting polymorphism. Examples of
the polymorphism observed with perennial (containing
Geographic distribution of intraspecific variabilities in
chloroplast microsatellite DNA
We analyzed the geographic distribution of intraspecific
variability based on chloroplast haplotypes, and found it
to be nonrandom with regard to geographical localiza-
tion (Table 3 and Fig. 3). The predominant haplotype in
G. soja samples originating from Russia and Northern
China was 93/149 (frequency = 0.71) - that is, the
most frequent length of the PCR-amplified product was
93 bp at the SOYCP locus, and 149 bp at the RP19
locus. This was also the most common haplotype in the
G. max cultivars that have been studied. This finding
lends further support to the hypothesis that this region of
N.E. Asia was the site of domestication of G. max from
G. soja [18]. Samples originating from the Jiangsu prov-
ince of South China exhibited the most chloroplast vari-
ability, with four haplotypes being identified, two of
which were unique. G. soja samples originating from
Korea and Japan also exhibited unique chloroplast micro-
satellite profiles. Additionally, the 25 G. soja samples ana-
lyzed exhibited considerable population (based on geo-
graphical origin) subdivision (FST = 0.626); this statistical
test means that - 63 % of the variation for chloroplast
haplotype diversity can be attributed to genetic differences
between geographic locations.
How widespread is the occurrence of microsatellites in the
chloroplast genome of plants?
In order to address this question, we have examined the
number and type of those mononucleotide and dinucleo-
tide runs containing a minimum of 10 repeats (Table 4).
We included in this analysis data from the six chloro-
plast genomes that have been completely sequenced.
Fig. 3. Geographical distribution of
chloroplast DNA haplotypes in N.E.
Asia. A total of seven haplotypes were
identified, each haplotype being des-
cribed by the size of the SOYCP variant(for example, 93 bp) followed by the
RP19 variant (for example, 149 bp).
Most chloroplast variability is observed
in Jiangsu province, South China where
four haplotypes were observed (diversity
index = 0.7221). The 93/149 haplotype
predominates in the Russian regions of
Amur and Primorsky (frequency = 0.777)
and in Northern China (frequency = 0.8).
However, the distribution of the remain-
ing six haplotypes appears to be non-
random and geographically localized.
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Fig. 4. Microsatellite locations superimposed on chloroplast genetic maps of (a) rice, (b) tobacco, (c) black pine and (d) liverwort. A/T
mononucleotide repeats are represented by purple, asterisked and numbered lines outside each circle. In liverwort, for clarity, this type
of repeat is illustrated in the same way within the inverted repeats, but by short purple bars within the circle for the remainder of the
genome. Dinucleotide repeats in liverwort are represented by blue, asterisked and numbered lines, and a G/C mononucleotide repeat
in black pine is represented by a green, numbered and asterisked line. Exact nucleotide locations of microsatellites are available from
the authors. Genes shown on the outside of the circle are transcribed in a counterclockwise direction, and those shown on the inside
are transcribed in a clockwise direction . LSC, large, single-copy region; SSC, small, single-copy region; IR, inverted repeat.
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Mononucleotide A/T repeats predominated, and between
12 (Oryza sativa) and 82 (Marchantia polymorpha) micro-
satellite repeats were observed in these chloroplast
genomes. A total of 229 microsatellites were present in
other chloroplast genomes, clearly demonstrating the
abundance of such sequences in this organelle.
We have recently demonstrated the utility and resolving
power of chloroplast microsatellite repeats in Pinus species
[14]. Primers flanking a compound mononucleotide
repeat - (A)n(T)n - located in the intergenic region
between the trnk and psbA genes were used to detect vari-
ation in 11 different Pinus species. This chloroplast micro-
satellite was used to investigate the population genetics of
an endangered conifer, I? leucodermis. For gymnosperms,
where chloroplasts are paternally inherited, chloroplast
microsatellites provide pollen-specific markers and allow
gene flow through seed and pollen to be compared. The
detection of several hypervariable regions in the chloro-
plast is of special significance because it allows these
regions to be analyzed simultaneously. Thus, the abun-
dance of these polymorphic repeats provides new oppor-
tunities to address a range of issues in plant biology.
Location of microsatellite repeats in chloroplast genomes
The location of microsatellite repeat motifs in the
chloroplast genomes of rice, tobacco, black pine and the
Fig. 5. Multiplex resolution of soybean chloroplast and nuclear
microsatellites. Primer pairs flanking the soybean chloroplast micro-
satellite (SOYCP locus) and the (CTT) n repeat at the soybean lipoxy-
genase gene L1 locus (Gmlipoxl; M.M., W.P. and J.A.R., unpublished
observation) were used separately to amplify the following genomic
DNAs: lane 1, G. max cv. Bonus; lane 2, G. soja P181.762; lane
3. G. soja P1440913B; lane 4, C. max cv. A3015; lane 5, G. max cv.
A9065; lane 6, G. max cv. Ripley; lane 7, G. falcata IL674; lane 8, G.
clandestina IL437; lane 9, G. microphylla IL849; lane 10, G. arenaria
IL689. The [33P]-labelled amplification products were separated on a
6 % denaturing acrylamide gel and visualized by autoradiography.
liverwort Marchantia polymorpha are shown in Figure 4.
Microsatellites were found throughout the chloroplast
genome, primarily in the large, single-copy region of
tobacco and rice, but also within- the small single-copy
region of pine and liverwort. The location of microsatel-
lite DNA within chloroplast inverted repeats is of par-
ticular significance. We analyzed the three chloroplast
genomes that have large inverted repeats and found
microsatellites at identical positions within each repeat:
for example, adjacent to the rpl2 gene (Fig. 4b; *35, *39)
and between the 5SrDNA and trnR genes (Fig. 4b; *36,
*39) in both of the inverted repeats of tobacco; adjacent
to the rpsl9 gene (Fig. 4a; *9, *12), and between the 3'
end of the rpsl2 gene and ORF72 genes (Fig. 4a; *10,
*11) of rice; microsatellites within inverted repeat regions
were also found in the trnA intron (Fig. 4d; *6, *9) and
adjacent to the trnR gene (Fig. 4d; *7, *8) of liverwort. A
microsatellite was found on either side of the trnR gene
in tobacco and liverwort (Fig. 4b,d, respectively), and
near the trnR gene of black pine (Fig. 4c), but not rice
(Fig. 4a). In all four chloroplast genomes, a microsatellite
was found adjacent to the rpl2 gene, near the junction
between the inverted-repeat sequences and single-copy
regions. Within the large, single-copy regions other
microsatellites appeared at analogous locations; for exam-
ple, near the end of the rpoC2 gene and upstream of the
trnS gene in rice and tobacco, and within the introns of
the split trnK gene in the tobacco, rice and liverwort
chloroplast genomes. The significance of these observa-
tions needs to be examined, not only as a function of the
structure of chloroplast genomes, but also as an aspect of
the evolution of this organelle. In this context, the con-
served location of microsatellites within the inverted
repeat suggests that the microsatellite motifs are ancestral
and that their origin pre-dates the evolutionary changes
that have generated the distinctive genetical features
of chloroplasts.
Conclusions
PCR-based analysis of microsatellites specific to the
chloroplast genome should allow investigation of the
processes and principles that govern the geographic dis-
tribution of genealogical lineages at the intraspecific
level, and provide new insights into macroevolutionary
and microevolutionary processes operating in plants.
Intraspecific polymorphisms due to variation in the
length of chloroplast microsatellites will also provide
important tools to examine the relative contribution of
seed and pollen movement to interpopulation gene flow,
and hence the genetic structure of plant populations. In
addition, both nuclear and chloroplast microsatellites may
be analyzed simultaneously to provide a multiplex assay
for two independently transmitted genomes (Fig. 5). The
availability of highly polymorphic markers for the two
genomes will provide new opportunities to examine
chloroplast-nuclear associations and enhance our under-
standing of the mechanisms responsible for co-adaptation
in plant populations. Thus, high-resolution microsatellite
Chloroplast simple sequence repeats Powel et al.
analysis will not only provide a historical perspective on
the genetic structure of a population but may also allow
the principles that determine the geographical distribu-
tion of genealogical lineages at the intraspecific level
to be determined. Furthermore, both chloroplast and
nuclear microsatellites are likely to have immediate, prac-
tical value in the characterization and exploitation of
plant genetic resources.
Materials and methods
Plant material
A total of 141 soybean genotypes representing 13 Glycine
species was evaluated (Table 2). Genomic DNA was extracted
from green leaves as described by Doyle and Doyle [19].
Microsatellite sequences and primers
Chloroplast sequences present in the 'plants section' of
GenBank (release 79.0) were searched for all types of mono-
nucleotide and dinucleotide repeats with a minimum of 10
repeats without mismatches by using the 'FINDPATTERNS'
programme (GCG Genetics Computer Group, Madison, Wis-
consin, USA). The frequency and distribution of repeats has
been documented previously [14]. In this study, two soybean
chloroplast-encoded genes containing microsatellite repeats
were identified for further evaluation (Table 4).
DNA amplification and sequencing
Primers flanking mononucleotide microsatellite repeat motifs in
soybean chloroplast genes were designed using the PRIMER
computer programme. DNA amplifications were performed
using a Perkin Elmer 9600 thermal cycler with the following
profile: (1) 95 C for 5 min x 1 cycle;' (2) 94 C for 1 min,
55 C for 1 min, 72 C for 1 min x 30 cycles; (3) 72 C for
8 min x 1 cycle. The forward primer was usually labelled with
[33 P]y ATP using polynucleotide kinase. Amplification prod-
ucts were separated on 6 % polyacrylamide denaturing gels
containing 7 M urea and 1 x TBE and run at 60 W constant
power. Gels were then dried and autoradiographed on X-ray
films using standard procedures. As a molecular weight mar-
ker we used the T lane of a sequencing reaction of a pBlue-
Script plasmid containing a soybean DNA insert. The insert
contained an AC/TG microsatellite that produced a clear 2 bp
ladder in the 85-196 bp range. A selected sample of PCR
products from different species were cloned into the pGEM-T
vector (Promega) without purification after amplification.
Cloning was performed according to the manufacturer's
instructions. Two clones from each cloning experiment were
sequenced on a 373A Applied BioSystems automated sequencer
using standard fluorescent terminator chemistry.
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